We show that several interacting environmental factors influence the topology of intracellular DNA. Negative supercoiling of DNA in vivo is increased by anaerobic growth and is also influenced by growth phase. The tonB promoter of Escherichia coli and Salmonella typhimurium was found to be highly sensitive to changes in DNA supercoiling. Expression was increased by novobiocin, an inhibitor of DNA gyrase, and was decreased by factors which increase DNA superhelicity. Expression of the plasmid-encoded tonB gene was enhanced by yB insertions in cis in a distance-and orientation-independent fashion. Both the res site and the TnpR protein of ,y8, which is known to function as a type I topoisomerase, were required for this activation. tonB expression increased during the growth cycle and was reduced by anaerobiosis. There was excellent correlation between tonB expression from a plasmid and the level of supercoiling of that plasmid under a wide range of conditions. The chromosomal tonB gene was regulated in a manner identical to that of the plasmid-encoded gene. Thus, the physiological regulation of tonB expression in response to anaerobiosis and growth phase appears to be mediated by environmentally induced changes in DNA superhelicity.
Chromosomal DNA isolated from bacteria is negatively supercoiled. In vivo supercoiling is determined, at least in part, by a balance between the relaxing activity of topoisomerase I and the ATP-dependent supercoiling activity of DNA gyrase (16, 43, 44, 51, 71) . The degree of supercoiling can influence a variety of processes, including promoter function and the initiation of transcription (reviewed in references 17, 18, and 72) . The possibility that a specific environmental stimulus might alter DNA supercoiling in vivo and consequently contribute to the regulation of transcription of a subset of genes is an attractive idea. In this paper we present evidence that environmentally induced changes in DNA supercoiling are an important factor in the regulation of tonB gene expression in response to both anaerobiosis and growth phase.
The tonB gene is located near trp at 27 min on the Escherichia coli genetic map and at 34 min in Salmonella typhimurium. TonB plays a key role in cellular physiology, being required for many energy-dependent outer membrane processes. Mutants lacking TonB are deficient in all highaffinity iron transport systems and vitamin B12 uptake and are resistant to many bacteriophages and colicins (reviewed in references 34, 46, and 48) . Although the precise role of TonB is not known, it seems likely that the protein is required to couple energy to outer membrane processes (21, 48, 58) .
Expression of tonB is repressed anaerobically but is induced during aerobic growth when iron is oxidized to an insoluble form and can become limiting (25) . The mechanisms by which gene expression is regulated in response to anaerobiosis are still poorly understood. When facultative anaerobes such as E. coli and S. typhimurium switch from aerobic to anaerobic growth, about 50 new proteins are synthesized, while the synthesis of other proteins is repressed (64, 65) . For all anaerobically regulated genes which have been examined, regulation is at the level of transcription (1, 4, 29, 30, 37, 69, 75) . The expression of several anaerobically induced genes requires the Fnr protein (also * Corresponding author.
called NirA or OxrA) (39, 47, 69) . Fnr is a positive regulatory protein, strongly resembling the cyclic AMP repressor protein (61, 66) . However, the mechanism by which anaerobiosis is sensed and activates the Fnr protein remains obscure. The expression of other anaerobically regulated genes is independent of the Fnr gene product (1, 29, 30) . Several of these genes require a functional oxrC gene product for anaerobic induction (30) . oxrC encodes phosphoglucose isomerase, implying that flux through the glycolytic pathway, or a glycolytic end product, may play a role in the regulation of this class of genes. Again, however, the nature of this signal remains unclear. The picture is further complicated by the fact that many anaerobically regulated genes are additionally influenced by other factors, for example, formate or nitrate (13, 67) . Thus, it is now becoming apparent that no single, global anaerobic regulatory pathway operates, but that several interacting networks are together responsible for the observed pattern of anaerobic induction and repression of gene expression. It has recently been suggested that DNA supercoiling may play a role in the anaerobic response (74) . In this paper we provide evidence for such a role. We show that the anaerobically regulated tonB promoter is very sensitive to changes in DNA supercoiling. Furthermore, DNA supercoiling in vivo is shown to change in response to anaerobic growth and to growth phase. Good correlation was obtained, under a wide variety of conditions, between the levels of DNA supercoiling and tonB expression. It appears that environmentally induced changes in DNA supercoiling are responsible, at least in part, for the oxygen and growth phase regulation of tonB. The possibility that these environmentally induced changes in DNA supercoiling play a more general role in the anaerobic regulation of gene expression is discussed.
MATERIALS AND METHODS
Bacterial strains and media. The bacterial strains used in this study are listed in Table 1 . Cells were routinely grown in either LB (56) or the defined minimal medium MMA, supplemented with 0.4% glucose as the carbon source (45) . Aerobic cultures were grown as a small volume in baffled flasks with vigorous shaking at 37°C. Under these conditions, typical anaerobically induced genes remained repressed throughout growth. Anaerobic growth was achieved by completely filling sealed bottles with medium and growing without shaking or by using a GasPak system (BBL Microbiology Laboratories). Antibiotics were used at the following concentrations; ampicillin, 50 ,ug/ml; chloramphenicol, 20 ,ug/ml; kanamycin, 25 jig/ml; and tetracycline, 20 jig/ml.
Solid media contained 1.5% agar. When required, amino acid supplements were added to MMA at 300 ,uM. MacConkey-lactose and lactose-tetrazolium plates have been described (45) . Colicin BV plates were prepared by streaking the colicin-producing strain CSH48 across an LB plate and incubating at 37°C for 48 h. During this time, colicins diffused from the growing cells into the surrounding agar. Strains to be tested for sensitivity were then streaked perpendicularly to the colicin producer. Colicin-resistant strains were completely resistant to the colicins, while sensitive strains showed a 1-cm zone of killing. Resistance or sensitivity to phage 4)80 was determined by cross-streaking on LB plates against a 4)80 lysate (45) . Colicin M was prepared from strain PAP1370 by treating a log-phase culture with mitomycin C (52). The cells were sonicated, the debris was removed by centrifugation, the colicin was sterilized by filtration, and 0.1 ml was added directly to agar plates.
Genetic and DNA techniques. Phage P1 vir was used for routine transduction of genetic markers (62) . GB102 was selected as a spontaneous streptomycin-resistant derivative of the trp-tonB deletion strain CH483 (28) . E. coli strains were transformed with DNA by the CaCl2 procedure (41) . In general, tonB strains transformed at least 10 times less efficiently than their parental tonB+ strains; the reason for this is not known. Restriction endonucleases and DNA ligase were from Amersham plc. and were used as specified by the manufacturer. Plasmid DNA was purified from cleared lysates by cesium chloride density gradient centrifugation (41) or by the rapid screening technique of Coleman and Foster (14) .
Construction of lacZ fusions to the chromosomal tonB gene. Chromosomal tonB-lacZ transcription fusions were constructed by using the vector Aplac Mu53 (9) . A pool of random Xplac Mu53 insertions in the MC4100 chromosome was made, and cells with insertions in the tonB gene were selected as being simultaneously resistant to colicins B and V and to phage 4)80 vir (45) . This double selection reduced the possibility of selecting insertions in the genes encoding outer membrane receptors for the individual agents. All presumptive insertions in tonB were screened on MacConkey-lactose plates to identify those in the correct orientation (i.e., expressing lacZ). The fusions were then transduced into a nonmutagenized background, selecting for Kanr, and rescreened for resistance to colicins B and V and phage 4)80 vir. These transductants grew as small colonies on LB agar and were pink due to secretion of the iron chelator enterochelin, a characteristic of tonB mutants which become iron limited. The presence of a single Aplac Mu insertion at 27 min on the chromosome was confirmed by demonstrating 95% transductional linkage between the Kanr marker of the Mu derivative and various trp mutations. One such fusion strain, GB291, was used for all further analysis. The fusion junction in this strain was shown to be within the C-terminal half of the tonB structural gene by Southern blotting (data not shown).
Enzyme assays. P-Galactosidase activity was assayed in cells grown under appropriate conditions as described by Miller (45) with sodium dodecyl sulfate (SDS)-chloroformpermeabilized cells. Units of activity are expressed as described by Miller (45) . Each datum point is an average of at least three separate determinations, measured on at least two independent cultures. Standard deviations were always less than 8%.
Immunoblotting. Cells (1 ml) grown to an OD6. of 0.5 were sedimented by centrifugation and suspended in 200 IlI of Laemmli sample buffer (38) , and 25-pul portions were loaded onto a 10% polyacrylamide-SDS gel (2) . After electrophoresis, proteins were transferred to nitrocellulose and probed with anti-TonB antibodies as described (70) . After washing, the bound anti-TonB antibodies were detected by alkaline phosphatase staining (33) .
Measurement of plasmid DNA supercoiling. Plasmid supercoiling was assessed by separation of topoisomers on chloroquine gels. Plasmid DNA was isolated by the method of Coleman and Foster (14) (25 ,ug/ml) , the more supercoiled topoisomers prior to electrophoresis migrated most slowly through the gel. Following electrophoresis the gel was washed in distilled water for 4 h to remove chloroquine prior to staining with ethidium bromide (5 ,ug/ml).
Isolation of y8 insertions. -yb insertions into plasmid pGB144 were isolated essentially as described previously (24 (28) , cloned into the multicopy vector pGS1406 (11) (Fig. 1A) . This plasmid was used as starting material for all other constructions involving the tonB gene. Plasmid-borne tonB-lacZ fusions were constructed by cloning the 1.35-kb BglII-BamHI tonB-containing fragment from pGB144 between the EcoRI and BamHI sites of plasmid pMLB1034 (5) to give plasmid pGB150 (Fig. 1C) . tonB was poorly expressed when pGB150 was transformed into a tonB deletion strain (see Results). Protein fusions between tonB and lacZ were obtained by transforming pGB150 into strain MBM7060 and selecting for Lac' derivatives. These arise as a result of spontaneous deletions that fuse the 3' end of the tonB gene to the 5' end of lacZ (5) . One such derivative plasmid, pGB210, was rescued by transformation back into MBM7060 and shown by restriction mapping to have undergone a deletion of about 750 nucleotides, which included the BamHI site of pGB150 (Fig. 1iC) .
RESULTS
Aberrant activity of TonB expressed from a multicopy plasmid. Plasmid pGB144 contains the tonB gene of S. typhimurium cloned into the multicopy vector pGS1406 (28) (Fig. 1A) . In this plasmid, tonB is transcribed from its physiological promoter. When transformed into the E. coli tonB deletion strain GB102, TonB function was only partially restored (Table 2) . That is, pGB144 conferred slight sensitivity to colicins B and V and to phage +80 but by no means restored sensitivity to that of the wild type or to a level conferred by the tonB gene cloned on a single-copy vector (28) . The possibility that a mutation in or near the tonB gene had arisen during cloning was excluded by repeating the procedure and by DNA sequence analysis of the subcloned tonB insert (data not shown).
The observation that tonB gene function is impaired when cloned on a multicopy plasmid has been made previously (42; K. Postle, personal communication). It was suggested (42) that this might be due to inhibition of TonB activity by an excess of the protein rather than to an effect on tonB gene expression. H-owever, in the absence of an assay for the TonB protein, these authors were unable to confirm this model. We therefore used anti-TonB antibodies to assess the synthesis of TonB by Western blotting (Fig. 2) (11) containing the S. typhimurium tonB gene. The origin of replication (rep), the P-lactamase gene (bla), the truncated E. coli lac operon (1acZYA'), and the tonB gene are indicated. The construction of pGB320, pGB321, pGB324, and pGB325 is described in the text. pGB157 to pGB162 are derivatives of pGB144 into which -yS was inserted. The locations and orientations of these insertions are indicated. (B) Structure of the pGB144::-yb derivative pGB158. Plasmids pGB310 and pGB311 were constructed from pGB158 by deleting specific sequences. The DNA retained in these constructs and the restriction endonuclease sites used are indicated. (C) Structures of the tonB+ plasmid pGB150 and its Lac' derivative, pGB210. pGB210 arose as a spontaneous Lac' deletion from pGB150, the extent of which is indicated. B, BamHI; C, ClaI; H, Hindlll; R, EcoRI; S, SmaI. deletion strain, this is strong evidence for the model (42) to the fact that, when overproduced, the TonB protein forms aggregates within the cell (unpublished results). tonB expression is activated by -y& insertions in cis. During analysis of the tonB plasmid pGB144, we observed that the ability to restore TonB function to a tonB deletion strain was enhanced by insertion of the -yb transposon into the plasmid. Insertions of -yb into pGB144 were selected at random, and the location and orientation of the insertions were determined by restriction mapping (24, 53) (Fig. 1A) . Insertions of -yb into the rep or bla genes were not obtained, presumably because they are lethal. Insertions elsewhere in the plasmid gave two distinct phenotypes ( Table 2) . As expected, insertions in the tonB structural gene eliminated the low-level TonB activity of pGB144 (e.g., pGB156; Table 2 ). However, all other yb insertions into pGB144 (pGB157 to pGB162)
increased TonB activity such that the derivative plasmids fully restored colicin sehsitivity to the tonB deletion strain GB102. Plasmids carrying these ryb insertions were (Fig. 1A) . Both pGB320 and pGB321 were fully TonB+ (Table 2) . To exclude the possibility that tonB activation was simply due to an increase in plasmid size, the 2.3-kb HindlIl fragment of phage lambda was also cloned into the HindIll site of pGB144 to give pGB324; this fragment had no effect on tonB expression. Although when TnpR and res were provided together, tonB expression was activated, the res site alone was insufficient; when the res site alone was cloned into pGB144, as a 450-bp SmaI-ClaI fragment, the resultant plasmid (pGB325) failed to express tonB to any greater extent than pGB144 (Fig. 1A and Table 2 ). Similarly, the TnpR protein alone was not sufficient to activate tonB transcription. Thus, when the TnpR+ plasmid pPAK316 was cotransformed with pGB144 (which does not contain the res site) into GB102, tonB was not activated. In conclusion, neither TnpR nor res alone is sufficient to activate the tonB promoter.
To demonstrate unambiguously that both res and TnpR were required for activation of tonB expression, we attempted to transform GB102 simultaneously with pGB325 (containing the res site but not the tnpR gene) and the tnpR+ plasmid pPAK316. Although GB102 could be transformed simultaneously with pGB325 (res+) and the vector pACYC184, pPAK316 (a tnpR+ derivative of pACYC184) could not be introduced together with pGB325. One rare Apr Cmr transformant that was obtained was completely TonB-, and when pGB325 was isolated from this strain and retransformed into GB102, it failed to show even the basal level of TonB function normally seen for pGB325 (Table 2) (Fig. 1C) , and P-galactosidase synthesis reflects transcription from the tonB promoter. To obtain direct evidence that the tonB promoter is DNA supercoiling sensitive, we examined the effects of novobiocin. Novobiocin is a specific inhibitor of DNA gyrase and normally results in relaxation of intracellular DNA (23) . An overnight culture of cells containing pGB210 encoding a tonB-lacZ fusion protein, was diluted 200-fold and grown aerobically in MMA in the presence or absence of novobiocin (20 ,g/ml). Under these conditions, this concentration of novobiocin was sublethal and had little effect on growth rate (data not shown).
At an OD 0" of 0.2, P-galactosidase activity was assayed and found to be increased by growth in the presence of novobiocin (3,594 U versus 1,407 U). Samples of cells from the same cultures were harvested, pGB210 plasmid DNA was extracted, and topoisomers were separated on a chloroquine gel (Fig. 3) . As expected, DNA from novobiocin-treated cells was more relaxed than DNA from untreated cells. Thus, relaxation of the plasmid DNA led to an increase in tonB expression. Further evidence for novobiocin sensitivity of the tonB promoter is presented below.
Growth phase-dependent tonB expression correlates directly with the level of DNA supercoiling. Cells of GB102 containing pGB210 were grown aerobically in MMA, and at various time intervals samples were taken for 3-galactosidase assay and to prepare plasmid DNA. tonB expression was growth phase dependent, increasing ninefold throughout the growth cycle (Fig. 4A) . Growth phase regulation of tonB expression has not been reported previously, and such regulation is somewhat unusual (15) . When plasmid pGB210 DNA was examined, the DNA was found to become increasingly relaxed as growth proceeded (Fig. 4B) . The (Table 3) . As for the plasmid-encoded gene, transcription from the tonB promoter was repressed by excess iron under anaerobic conditions but not aerobically. In the absence of iron, anaerobic growth did not repress tonB expression and normal aerobic expression was observed. These data are similar to those obtained by Hantke (25) and show that regulation of tonB gene expression on plasmid pGB210 reflects regulation in its normal chromosomal context. It should be noted that excess iron did not repress the plasmid-encoded tonB gene as completely as it did the chromosomal gene. This is presumably due to titration of the Fur protein, which mediates iron repression of tonB (3, 60) .
It is important to exclude the possibility that the aerobic induction of tonB expression is distinct from iron-mediated regulation and is not simply due to iron limitation caused by the oxidation of iron to an insoluble form. Two lines of published evidence argue against this. First, other genes which are repressed by the same iron-binding regulatory protein (Fur) as tonB are not derepressed during aerobic growth (22, 25) . Second, in fur mutants, which lack iron regulation, tonB is still derepressed by aerobic growth (25 plate is relaxed. If this supercoiling sensitivity plays a role in the regulation of tonB expression, it is important to demonstrate that supercoiling levels in vivo change in response to those environmental factors which influence tonB expression. Since iron alone is insufficient to repress tonB, it seemed possible that an anaerobically induced topological change might also be required for repression. Plasmid pACYC184 (12) DNA was isolated from strain GB291 grown aerobically and anaerobically. Plasmid DNA isolated from cells grown anaerobically was more negatively supercoiled than DNA isolated from cells grown aerobically, with an increase of up to 10 supercoils (Fig. 5) . The same was found for plasmid DNA isolated from the tonB+ strain MC4100, showing that TonB itself plays no role in the anaerobic changes in supercoiling, and also for an entirely unrelated plasmid pLK4 (55; data not shown). When anaerobically grown cells were treated with the gyrase inhibitor novobio- (Fig. 6A) . Anaerobiosis was shown to be responsible for the change in tonB expression, as various typical anaerobic genes were induced at the same stage of growth (data not shown); in addition (Fig. 4) , if extensive efforts were made to maintain aerobicity, these anaerobic genes were not induced and tonB remained derepressed. We also showed that the effects observed above were not due to iron limitation, as the induction profiles were unaltered by the addition of excess iron to the LB medium (data not shown). Finally, novobiocin partially reversed the anaerobically induced increase in negative superhelicity of plasmid DNA (Fig. 5) . We therefore examined the effects of novobiocin on the anaerobic repression of tonB and found that the drug prevented the decrease in tonB expression normally observed as the cells became anaerobic; in the presence of novobiocin, expression was maintained at a level essentially the same as for cells maintained under fully aerobic conditions. These data strongly support the model that anaerobic repression of tonB expression is mediated by anaerobically induced increases in DNA supercoiling.
The above experiments were carried out on the plasmidencoded tonB gene. We have shown that anaerobic regulation of tonB expression from plasmid pGB210 is very similar to that of the chromosomally encoded gene (see above). We therefore repeated the above experiment on strain GB291, which harbors a chromosomal tonB-lacZ fusion (Fig. 6B) . Again, tonB expression increased with growth phase until an OD6. of about 0.3 was reached, when expression began to decrease. As for the plasmid-encoded gene, the effect of anaerobiosis was reversed by novobiocin. Thus, the aerobicanaerobic regulation of chromosomal tonB gene expression also appears to be mediated by changes in DNA supercoiling.
Not aUl anaerobically induced genes are supercoiling dependent. To assess how general the sensitivity of anaerobically regulated genes to supercoiling might be, transcriptional lacZ fusions to a variety of oxygen-regulated genes were examined. These were fusions to the oxiC, aniC, aniE, aniH, and aniI loci, which have been mapped to very different locations on the S. typhimurium chromosome (Table 4) (1). The fusions displayed a variety of regulatory features. Like tonB, the oxiC fusion was anaerobically repressed. The four ani fusions are induced by anaerobic growth, but to very different extents (1) . Anaerobic cultures of each of these fusion strains were grown in the presence and absence of novobiocin, and P-galactosidase activity was assayed ( Table  4) . The various fusions displayed very different responses to novobiocin. Three of the fusions (oxiC, aniC, and aniE) were completely unaffected by novobiocin treatment, expression of aniI was repressed, and expression of aniH was increased. Although care must be taken when interpreting the results of inhibitor experiments, these results at least suggest that not all oxygen-regulated promoters respond in a similar manner to changes in DNA supercoiling.
DISCUSSION
It is well established that the expression of a number of genes is influenced by the level of DNA supercoiling, both in vitro and in vivo (17, 18, 27a, 32, 57, 72) . Thus, the idea that environmentally induced changes in superhelicity play a role in the regulation of gene expression is attractive. In this paper we show that anaerobiosis and growth phase influence the level of DNA supercoiling in vivo. Furthermore, these environmentally induced changes in superhelicity appear to be important for the normal regulation of at least one oxygen-regulated gene, the tonB gene, of both E. coli and S. typhimurium.
The tonB gene is required for a number of outer membrane processes, including the uptake of iron chelates and vitamin B12. Expression of tonB is regulated by iron availability, mediated by the Fur protein, which acts as a repressor in the presence of iron (3, 25, 60) . However, even in the presence of excess iron, tonB expression is induced aerobically independently of iron availability and the Fur protein. The aerobic induction of tonB expression is probably of some physiological importance as iron is oxidized aerobically, loses solubility, and becomes less available for uptake into the cell.
The tonB promoter is highly sensitive to changes in DNA topology. Expression, both from a multicopy plasmid and from the chromosome, is increased by the DNA gyrase inhibitor novobiocin. Under anaerobic growth conditions which increase negative supercoiling (see below), tonB expression is repressed, and there is also excellent correlation between the growth phase-dependent changes in DNA supercoiling and expression of tonB. We have shown elsewhere that osmZ mutations and increased medium osmolarity, both of which increase plasmid and chromosomal supercoiling (27a), decrease tonB expression. Further evidence that the tonB promoter is topologically sensitive comes from studies on the cloned gene. Plasmid-encoded tonB expression was increased by the transposable element -yb. yb activated tonB only when present in cis, and its activity was both distance and orientation independent. This is reminiscent of eucaryotic enhancers and can best be explained by a topological effect on tonB promoter activity. A more detailed analysis of the -yb sequences required to activate tonB confirmed this interpretation. Only the TnpR protein and its binding site, res, appear to be required. The TnpR protein is known to function as a type I topoisomerase and can alter DNA structure when it interacts at the res site (36) . It should be pointed out that, to exhibit topoisomerase activity, two res sites are required on the target plasmid. Presumably the plasmid dimerizes temporarily to provide two res sites which are resolved by the TnpR protein, altering the linking number. An alternative possibility is that binding of the TnpR protein to the res site might, in itself, alter DNA topology (26) , which, when recognized by DNA gyrase, would result in a compensatory adjustment in linking number. There are at least two precedents for activation or inhibition of promoter function by a nearby transposable element, both of which are best interpreted on the basis of topological effects. Expression of the cloned ebg gene of E. coli is reduced by -yb insertions in an orientation-and distance-independent manner (68) . These data are analogous to our own, apart from the fact that ebg is inhibited rather than stimulated by -yb. Similarly, IS insertions near the chromosomal bgl operon activate the normally cryptic bgl promoter (54) . It is believed that this is a result of an insertion sequence-induced change in local DNA topology (54) ; the bgl promoter is known to be sensitive to altered DNA topology (16, 51) and can also be activated by mutations in a trans-acting gene, osmZ, which alter chromosomal supercoiling in vivo (27a) .
If the topological sensitivity of the tonB promoter plays a role in the physiological regulation of tonB expression, it is important to show that DNA topology is influenced by normal environmental stimuli. It (7, 19) .
The changes in DNA supercoiling in response to growth conditions seem to be important for the growth phase and anaerobic regulation of tonB expression. There is an excellent correlation between the levels of plasmid supercoiling and tonB expression from the same plasmid over a wide range of growth phases and anaerobiosis. The fact that novobiocin reverses the effects of anaerobiosis on supercoiling and similarly overcomes the anaerobic repression of tonB provides strong support for this model. Furthermore, since growth phase, anaerobiosis, and novobiocin affect expression of the chromosomal tonB gene in a manner similar to that of the plasmid-encoded gene, changes in supercoiling must also be responsible for the anaerobic regulation of tonB in its normal chromosomal context.
The observation that anaerobic growth causes DNA to become increasingly supercoiled raises the question of how specificity is achieved. First, of course, many promoters are not significantly sensitive to changes in supercoiling (17) . Those few promoters which are exquisitely sensitive to DNA supercoiling presumably include those which show large induction ratios after a shift between aerobiosis and anaerobiosis. In addition, many genes not normally considered anaerobically induced do exhibit minor variations in expression after a shift to anaerobiosis (unpublished results). This may well be a reflection, with little physiological significance, of anaerobically induced changes in chromosomal supercoiling. A further factor which may be important is genetic geography. The chromosomal locations of genes may affect their responses to altered supercoiling. There is evidence that the bacterial chromosome is divided into topologically distinct domains (63, 73) , and these may be differently affected by anaerobiosis. Since genes which are (7, 40, 50) . Thus, local genetic context may well play a role in determining sensitivity to global topological changes.
The possibility that an increase in DNA supercoiling associated with anaerobic growth forms a primary component of the anaerobic switch is an attractive one. Such a key role was suggested on the basis that some DNA gyrase mutants are unable to grow anaerobically and topoisomerase I mutants are unable to grow aerobically (74) . We have been unable to confirm these results. Well-defined topA deletions (55) are fully viable aerobically. Presumably, in the anaerobic constitutive mutants described by Yamamoto and Droffner (74), additional mutations had accumulated. Furthermore, their data were obtained with nonisogenic derivatives and in genetic backgrounds (LT2 and LT7) which are known to differ in their anaerobic enzymes (59) . It seems more probable that, while anaerobically induced changes in topology play a key role in the regulation of some genes, they are unlikely to be solely responsible for the anaerobic switch. Despite suggestions that anaerobically induced genes might form a global regulon, it is becoming increasingly clear that several distinct (but perhaps overlapping) regulatory networks are involved. Certain anaerobically regulated promoters are supercoiling sensitive, including tonB and the nifH promoter of a cyanobacterium (35) , and, at least for tonB, anaerobic changes in DNA supercoiling seem to be the primary means of regulation. For such promoters, additional factors are also often superimposed, such as regulation of tonB by iron and the fur gene product. Indeed, the binding of such specific regulatory proteins might also be influenced by topology. Nevertheless, many anaerobically regulated genes are completely insensitive to novobiocin and therefore are unlikely to be topologically regulated. Furthermore, a large subset of anaerobically induced genes are dependent on the positive regulatory protein Fnr. Supercoiling changes would appear to be irrelevant for such promoters, although the possibility that Fnr can only interact productively when the DNA is in the correct topological state should be considered. Certain Fnrbinding sites are surrounded by sequences which may well be sensitive to changes in topology or form bends (31) . Thus, changes in DNA supercoiling seem to be likely to provide one of several levels of control which must be considered in concert with other regulatory processes in attempting to understand the mechanisms by which the anaerobic response is regulated.
